Thermal conductivity of solid cyclopentane C 5 H 10 has been measured at isochoric conditions in the plastic phases I and II for samples of different densities. Isochoric thermal conductivity is nearly constant in phase II and increases with temperature in phase I. Such behaviour is attributed to weakening of the translational orientational coupling which, in turn, leads to a decrease of phonon scattering on rotational excitations. The experimental data are described in terms of a modified Debye model of thermal conductivity with allowance for heat transfer by both low-frequency phonons and diffusive modes. 
Introduction
Solid cyclopentane C 5 H 10 is interesting because it has two plastic crystalline modifications: crystal I and crystal II. The existence of crystals with a number of peculiar properties, including low entropy of fusion, was first detected by Timmermanns, who called them "plastic crystals" [1] . Plastic crystals are characterized by an intense reorientation motion of the molecules, limiting case of which is the free rotation. The coupling of translational modes (phonons) to molecular reorientations (TO coupling) is of large interest for the understanding of static and dynamic properties of orientationally disordered crystals [2] . It has been observed in various scattering experiments; in particular, the thermal conductivity is very sensitive to the magnitude of TO coupling. For correct comparison with theory at T ≥ Θ D (Θ D is the Debye temperature) the thermal conductivity must be measured at constant density to exclude the thermal expansion effect. A specific example of the plastic crystalline phase is rotation of molecules around the chosen axis. Studies of isochoric thermal conductivity for cyclic compounds have been performed previously for benzene C 6 H 6 , cyclohexane C 6 H 12 , cyclohexene C 6 H 10 and furan C 4 H 4 O [3] [4] [5] [6] . Here are presented similar studies for cyclopentane C 5 H 10 which unlike previous cyclic compounds has two plastic crystalline modifications.
Cyclopentane is a cycloaliphatic organic molecule consisting of the ring of five carbon atoms each with two hydrogen atoms above and below the plane of carbon skeleton. A molecule can exist in two essentially isoenergetic puckered-ring conformations: half-chair, C 2 and bent, C S [7, 8] . It is generally accepted that the puckered conformations of cyclopentane are in dynamic equilibrium and that they interconvert by an isoenergetic process called pseudorotation, in which the puckered carbon position progresses about the rings as a result of isomerization of the C 2 and C S conformations [9] .
Three solid phases of cyclopentane have been identified by calorimetry. Phase I exists in the following range of temperatures: 179.7 -138.1 K; phase II exists in the interval 138.1 -122.4 K, and phase III (the anisotropic phase) forms below 122.4 K [10, 11] . The entropy of fusion and entropy of II→I phase transition are very small (∆S /R = 0 41 and ∆S I→II /R = 0 3 respectively, where R is the gas constant) implies that phases I and II of cyclopentane are plastic crystals and that they are only slightly more ordered than the liquid state. In contrast, the first-order isothermal transition between phases II and III is marked by a large change in entropy, ∆S II→III /R = 4 8 indicating a high degree of order in phase III.
The structure and molecular dynamics of solid cyclopentane was studied using X-ray single-crystal, X-ray powder and neutron powder diffraction [12] [13] [14] [15] . Phase I has a hexagonal space group with two molecules per unit cell. Phase III has a monoclinic unit cell P 1 / with Z = 1. The neutron powder pattern from phase II showed a significant background contribution indicative of a disordered plastic crystal with a large unit cell, or maybe incommensurate, however, the exact structure has not been determined.
Early NMR studies were insufficient to discuss the retardation rate and the cyclopentane molecular rotation in the crystals I and II [16] . The transition II→I was poorly expressed, and the melting transition was unobserved. The narrowing of the NMR signal in the phase II and its gradual narrowing in the phase I to the value which is practically the same as the line width in the liquid showed that rotational mobility of cyclopentane molecules in these phases is high. More recent solid-state NMR study of the supercooled disordered phase II has interpreted the rotational motion of molecules in this phase being characterized by pseudorotations around 5-fold molecular axis in conjunction with librational freedom [17] . The study has also indicated the molecular dynamics in phase I as nearly isotropic. On the other hand, MMD (molecular dynamic) simulations of the plastic phases of cyclopentane have highlighted the presence of some correlations between the pseudorotational motion of the molecule around its centre of mass and the internal puckering motion of the ring [15, 18] . The puckered conformation in the lowtemperature phase III is rigid, in accordance with the results of the NMR investigations. Molecules are involved in a librational motion of a few degrees around their centeres of mass with a high correlation in molecular orientations. The quasielastic and inelastic neutron scattering spectra of the solid ordered, plastic and liquid phases of cyclopentane have been studied in order to analyze the rotational, translational and conformational dynamics of this substance [15] . In plastic phases II and I, the molecule is shown to undergo reorentations about its pseudo -C 5 axis, fluctuations of this axis and the internal motion of pseudorotation. The rate of the former motion is of about 3×10 11 s
at 170 K and the amplitude of the axis fluctuation is of about 48°at the same temperature. High mobility of the molecules in phases I and II of cyclopentane is also confirmed by IR and Raman spectroscopy [19] .
Experimental
The isochoric thermal conductivity of solid cyclopentane was measured in orientationally disordered phases I and II on samples of different densities. Constant volume investigations are possible for molecular solids having comparatively high coefficients of compressibility and thermal expansion. Growing a sample in the high pressure cell and blocking the inlet capillary by freezing, it is possible to make a sample of sufficient density which can be cooled then with practically invariable volume whereas the pressure in the cell decreases. The measurements were carried out on a device with coaxial geometry using a stationary method. The samples were grown under different pressures (110, 60 and 30 MPa for samples N1, N2 and N3, respectively) to get samples with different dencity; the temperature gradient along the measuring cell being about 2.0 K/cm. As the growth was completed, the inlet capillary was blocked by cooling it with liquid nitrogen and the samples were annealed for 2 -3 h to remove density gradients. The sample of moderate density evenly fills the cell at a certain characteristic temperature T 0 . Below this temperature the sample can separate from the cell walls, and above it the thermal pressure in the cell rises. Melting of the sample occurs in a certain temperature interval and its onset T shifts towards higher temperatures with increasing density. After the measurements the samples were evaporated into a thin-wall vessel, and the samples masses were determined through weighing. The molar volumes of the samples were found from known volume of the measuring cell and the sample mass.
The sample characteristics are given in Table 1 . The purity of cyclopentane (Sigma-Aldrich) was up to 99%. The measurement error was ± 4%. For more experimental details see Ref. [20] . The experimental data are shown in Fig. 1 . It is seen that isochoric thermal conductivity of all three samples of cyclopentane is nearly constant in phase II and increases with temperature in high-temperature phase I. The Bridgman coefficient = −
calculated from our experimental data is 4.4 ± 0.5 in phase I at 180 K.
Results and discussion
Long-term studies of the isochoric thermal conductivity of simple molecular crystals established general relationships in the heat transfer that result from the presence of rotational degrees of freedom at temperatures of the order of the Debye temperature and above T ≥ Θ D [21] . A strong translational-orientational (TO) coupling contribute significantly to the thermal resistance W = 1/ . This, in turn, leads to large deviations of the isochoric thermal conductivity from the ∝ 1/T law owing to its approach to a lower limit . The concept of the lower limit of the thermal conductivity comes from the idea that is reached when the heat transfer occurs as diffusion of thermal energy between neighbouring quantummechanical oscillators, the life time of which is assumed close to one-half the period of the oscillations [22] . In plastic phases of molecular crystals the TO contribution to the total thermal resistance decreases sharply during the transition to weakly hindered rotation, so that the isochoric thermal conductivity increases with increasing temperature [21] .
To describe such behaviour of thermal conductivity a model has been applied, that takes into account phonon scattering by rotational excitations of molecules and approach of to the lower limit [21] . Let us use the model proposed though it is not entirely clear how much the model developed for isotropic rotation of molecules can be applied in the case of rotation around the chosen axis or pseudorotation. In the standard Debye model the thermal conductivity is described by expression [23] :
where is the sound velocity, ω D is the Debye frequency,
is the effective phonon mean free path:
It is assumed that in molecular crystals the phonons are scattered by both phonons and rotational excitations. At T ≥ Θ D the effect of other scattering mechanisms can be neglected. The corresponding mean free path for the Umklapp, one -and two -phonon scattering processes are [24] :
T ω 2 (4)
where A is a coefficient responsible for phonon-phonon scattering, B and C are noncentral molecular interaction constants, and C are the thermal conductivity and the heat capacity of the rotational subsystem, respectively; ρ is the density. To a first approximation, we assume B = C 2 [24] . The thermal conductivity of the rotational subsystem C can be calculated from the known gas-kinetic expression:
, where -is intermolecular distance, and τ is the characteristic time of rotational energy transfer from site-to-site; it can be estimated as the average period of the vibrations. We borrowed the value τ = 3 × 10 −11 s for cyclopentane (I) in accordance with the data [15] . Taking into account the equations (2-5) we can written the phonon mean free path as:
When the temperature increases, the phonon mean free path decreases and can become comparable with the wavelength. It is assumed that the total mean free path is restricted to a distance close to half the phonon wavelength: αλ/2 = απ /ω, where α is a numerical factor of the order of unity. Then, the vibrational spectrum can be conventionally divided into the following two parts: modes whose mean free paths are larger than αλ/2 (phonons) and modes whose mean free paths reaches αλ/2 (diffusive modes). The value of ω 0 is [21] :
where parameters and η are:
2αC 2 B C T 2 (8) Correspondingly, the thermal conductivity integral is divided into two parts:
where
Computer fitting was performed by the least squares method to the smoothed values of the thermal conductivity for the highest-density sample with V = 75 2 cm 3 /mole separately for each phase. The Debye temperature (120 K) and the sound velocity (2000 m/s) have been estimated from the low temperature heat capacity data [10, 11] in the assumption that only translational modes contribute below 15 K. It was assumed that C varies linearly from 3R to 1.5R during both the orientationally [25] disordered phases. The fitting parameters are listed in Tab. 2 together with the data for other substances.
The curves fitted to the smoothed values the experimental thermal conductivity and the contributions to the thermal conductivity from low-frequency phonons and "diffusive" modes calculated by Eqs. (10) and (11) are shown in Figures 2 and 3 separately for each phase. The fitting curves well describe the thermal conductivity in phase II; the temperature dependence of thermal conductivity in phase I is described somewhat worse. The present model is quite rough and pretends only a qualitative description of the increase in thermal conductivity with temperature in the orientationally disordered phases of molecular crystals. The contribution of "diffusive" modes to thermal conductivity in phase II is about one and a half times more than the phonons. After the transition to phase I the phonon contribution increases, whereas the contribution of diffusive modes decreases with temperature and that of phonons increases. We attribute this to the weakening of the TO interaction whereupon the scattering of phonons by short-range orientational order fluctuations decreases. Table 2 shows that the fitting parameters that describe the behaviour of thermal conductivity are similar in magnitude to the different phases of cyclopentane and other investigated substances. It can be concluded that the previously proposed model adequately describes the behaviour of the thermal conductivity in the case of uniaxial rotation of the molecules and in the case of pseudorotation.
Conclusions
The isochoric thermal conductivity of solid cyclopentane has been investigated on three samples of different densities in the temperature interval from 120 K to the onset of melting. It is nearly constant in phase II and increases with temperature in high-temperature phase I. It is known from the literature that in plastic phases II and I, the molecule undergo reorentations about its pseudo -C 5 axis, fluctuations of this axis and the internal motion of pseudorotation. The increase of the isochoric thermal conductivity can be associated with a weakening of the TO coupling whereupon the scattering of phonons by short-range orientational order fluctuations decreases. It is shown that experimental results can be described within the Debye model of thermal conductivity in the approximation of the corresponding relaxation times and allow for the fact that the mean free path of phonons cannot become smaller than half the phonon wavelength. On this consideration the heat is transported by both phonons and "diffusive" modes.
